Background: Measles virus nucleoprotein (N) encapsidates the viral RNA, protects it from endonucleases and forms a virus specific template for transcription and replication. It is the most abundant protein during viral infection. Its C-terminal domain is intrinsically disordered imparting it the flexibility to interact with several cellular and viral partners.
Introduction
Measles virus nucleoprotein (N) packages the nonsegmented, negative-sense, single-stranded RNA genome of measles virus to form the helical nucleocapsid [1, 2, 3] . N is divided into two regions: a wellconserved, N-terminal moiety (aa 1-400), and a hypervariable, Cterminal moiety (aa 401-525) [4] . Sequence variability in the N protein C terminus reflects that this protein domain is intrinsically disordered [5] , imparting structural plasticity that allows it to mediate interactions with a variety of cellular and viral binding partners that include the viral P protein [6] [7] [8] , the Hsp-72 [9] , the cellular nucleoprotein receptor [10] , interferon-responsive factor 3 [11] , and p40 subunit of eukaryotic initiation factor 3 [12] . N also has the capacity to selfassemble on cellular RNA to form nucleocapsid-like particles in the absence of viral RNA and of any other viral protein [13] [14] [15] [16] [17] .
In the present study, we studied the response of mammalian cells to N expression. Human cell lines MCF7 (breast cancer cells) and 293T (embryonic kidney cells) were used as model system. Cells expressing N underwent apoptosis. There are signs of reactive oxygen species (ROS) building up in cells expressing N. Pretreatment of ascorbic acid (AA) partially counteracts ROS generation and apoptosis. We show that N triggers apoptosis through generation of ROS and caspase-3 activation.
We also carried out a differential profiling of proteins from N expressing cells and control cells using two-dimensional gel electrophoresis (2-DE) followed by matrix-assisted laser desorption/ ionization time of flight mass spectrometry (MALDI-TOF-MS). Since N induces apoptosis through building up of ROS, we would expect a proteomics approach to reflect on the associated changes. In this experiment, we not only identified proteins involved in apoptosis and ROS management, but we also identified a number of novel alterations to the cellular proteome. The altered expression of proteins reflected in 2D gels was validated by RT-PCR analysis of 4 proteins and a network of differentially expressed proteins was established. While the results presented here are expected to offer some clues to further study the viral infection mechanisms, we see a new trigger to induce cell death in the measles virus nucleoprotein which is amenable to re-engineering as a targeted molecule.
Results

Expression of N results in morphological transitions and appearance of hypodiploid nuclei in MCF7 cells
To investigate the effect of N in mammalian cells, we used the breast cancer cell line MCF7 as a model. The expression of N protein was checked by western blotting 24 h after transfection of pCA-N in MCF7 cells. A 60 kD band corresponding to N was clearly visible in N transfected cells (Fig. 1a) . Transfection efficiency was checked by co transfecting GFP and N expression vectors. Approximately 80% of the cells showed fluorescence (Fig. 1b) . We observed by microscopy that N induced morphological features typical of apoptosis. Cells expressing N appeared enlarged, round, dispersed and damaged compared with control cells. Some cells appeared detached displaying apoptotic morphology (Fig. 1c) . Increased undulations on surface of cells expressing N protein were indicative of apoptosis.
Next we analyzed the typical apoptosis-associated leakage of fragmented DNA from apoptotic nuclei by the Nicoletti method [18] and subdiploid fraction (characteristic of apoptosis) by flow cytometry. Cells were transfected with N expression vector and 24 h post transfection, cell cycle analysis was done. There was an increase in hypodiploid sub-G 0 fraction comprising both apoptotic and ghost cell population, implying together the extent of cell death (Fig. 1d) . The results indicated that, compared with the control, N expressing cells had larger portion of cells in sub-G 0 phase (23% as against 4%) (Fig. 1d) .
N induced cell death involves ROS generation and activation of caspase-3
To determine whether ROS is involved in N induced apoptosis, concentration of ROS in N expressing cells was analyzed by fluorescence of oxidized 29, 79-dichlorofluorescein in an ELISA reader. There was a 2.9 fold increase in concentration of ROS in cells expressing N (Fig. 2b) compared to control cells (p,0.001). Change in ROS induced by N expression was inhibited by AA to a level that was almost as low as in control cells (Fig. 2b) . As a negative control, MCF7 cells transfected with measles virus phosphoprotein (P) were also checked for ROS generation. To check for N and P expression, RT-PCR was performed. N expression was comparable to that of P (Fig. 2a) . In P expressing MCF7 cells there was insignificant increase in ROS levels when compared to control (Fig. 2b) .
The activation of caspase-3 is a central event in the process of apoptosis [19] . To evaluate further the mechanism of N induced cell death in MCF7 cells, the activation of the caspase-3 protein was examined. N expression in MCF7 cells resulted in a 3-fold increase (p,0.001) in activation of caspase-3 ( Fig. 2c) compared to control cells whereas no significant activation of caspase-3 was seen in P expressing MCF7 cells (Fig. 2b) Caspase activation was inhibited to the level of control cells by the caspase family inhibitor Z-VAD-FMK and by pretreatment of N transfected cells with AA ( Fig. 2c) .
To further confirm the role of ROS and involvement of caspase 3, apoptosis was checked in N transfected cells pretreated with the antioxidant AA or caspase 3 inhibitor Z-VAD-FMK by propidium iodide (PI) staining (Fig. 3a) . Both treatments inhibited N-induced apoptosis. Hypodiploid fraction in case of the N-transfected cells pretreated with AA (11.1%) and treated with Z-VAD-FMK (9.8%) was comparable to control cells (9.6%) whereas it was 26.1% in case of cells expressing N (p,0.001) (Fig. 3a) .
DNA fragmentation is a hallmark of apoptotic cells [20] . To examine the nuclear morphological changes in response to N fluorescence intensity. (c) Determination of caspase 3 activation in MCF7 cells by FITC fluorescence as described in Methods. Results are expressed as the fold increase in fluorescence and are given as the mean 6 SD for three experiments. doi:10.1371/journal.pone.0018765.g002 expression, MCF7 cells were stained with the fluorescent dye Hoechst 33528 and visualized under a fluorescence microscope. The control cells remained uniformly stained whereas N expressing cells exhibited nuclear condensation and DNA fragmentation (Fig. 3b) . N transfected MCF7 cells pretreated with AA or Z-VAD-FMK also remained uniformly stained and showed negligible signs of nuclear condensation (Fig. 3b) .
Comet assay was also used to assess the differences in DNA damage accumulation between control and N expressing MCF7 cells. The concept underlying the comet assay is that undamaged DNA retains a highly organized association with matrix proteins in the nucleus. When damaged, this organization is disrupted. The individual strands of DNA lose their compact structure and relax, expanding out of the cavity into the agarose. When the electric field is applied to the DNA, it is drawn towards the anode. Undamaged DNA strands are too large and do not leave the cavity, whereas the smaller the fragments, the farther they are free to move in a given period of time. Therefore, the amount of DNA that leaves the cavity is a measure of the amount of DNA damage in the cell. The brighter and longer the tail, the higher is the level of damage. N expression induced statistically significant increase in tail moment (27.07, p,0.001) indicating significant increase in DNA damage when compared with control (3.03) (Fig. 3c) . Treatment of N transfected cells with AA or Z-VAD-FMK reduced the tail moment to 3.62 and 3.21 respectively (Fig. 3c ).
Apoptotic effects of N were also studied on the non cancerous human embryonic kidney cell line 293T in terms of ROS generation and caspase-3 activation. 24 h post transfection there was a 2 fold increase in ROS concentration in N transfected 293T cells as compared to mock transfected 293T cells (p,0.001) (Fig. 2a) . Similarly, N expression resulted in 2.4 fold increase in caspase-3 activation when compared with mock transfected cells (p,0.001) (Fig. 2b) .
Two-Dimensional Gel Electrophoresis (2DE)
We performed 2DE proteomic analysis to evaluate the differences in protein expression between control and N transfected cells (24 h), in which the first dimension was fractionated over an IEF range of pH 3 to 10 and molecular mass was separated in 12% polyacrylamide gel. The 2DE gels were highly reproducible and image analysis performed on triplicate 2DE gels produced minimal inter-sample and intrasample variation in terms of normalized volumes of cellular proteins and proteome profile. Representative silver stained gels from three independent experiments are shown in Fig. 4a , where some differentially expressed proteins are encircled. Differentially expressed proteins were detected using ImageMaster TM 2D Platinum 5.0 software.
Mass spectrometric analysis
All protein spots identified as having significant changes in expression levels and present in sufficient amounts to be visible on the gel were excised for mass spectrometric analysis. A total of 25 proteins with significantly differential expression levels were identified by mass spectrometry (Table 1 , 2). Of the 25 identified proteins, 11 proteins were up-regulated in cells expressing N (Table 1) , whereas 14 proteins were down-regulated as a result of N expression ( Table 2 ). The altered proteins were classified in terms of their subcellular location and biological function by information from Swiss-Prot. The majority of the proteins were located in the cytoplasm (11) , with fewer in the nucleus (5) . Of the remaining proteins, 3 were cytoskeletal proteins, 3 located in the cell membrane, 1 in mitochondrion and 1 extracellular. The differentially expressed proteins are involved in diverse biological functions like cell structure (1q,1Q), signal transduction (1q,2Q), metabolic processes (1q,2Q), gene expression (3q,3Q), redox maintanence (2q,1Q), chaperons (1q,1Q) and others (2q,4Q). Three of the differentially expressed proteins are known to be pro-apoptotic (2q,1Q) and 8 are anti-apoptotic (4q,4Q).
Analysis of differential protein expression using semi quantitative and real time quantitative RT-PCR
To validate 2DE results, we performed relative quantification real-time PCR and semi quantitative RT-PCR on 4 genes representative of housekeeping metabolism, cell cycle control and pathological states. Expression levels of GAPDH and MAP2K4 were detected by real time quantitative RT-PCR analysis whereas PHB and PARK7 transcripts were checked by semi quantitative RT-PCR. In general, the trends in the change in mRNA abundance of these genes were similar to the change patterns of corresponding proteins in 2-DE gels. Semi quantitative results showed that transcripts of PARK7 were increased by 2.7 fold (p,0.05) in N expressing cells as compared to control cells whereas the transcripts of PHB were significantly decreased by 2 fold (p,0.01) in cells expressing N as compared to control cells (Fig. 5a ). The real-time PCR showed up-regulation of GAPDH mRNA levels and down-regulation of MAP2K4 mRNA levels in N expressing cells when normalized with the internal control, beta actin (Fig. 5b) . The mean 6 SD relative expression of GAPDH mRNA in N expressing cells (2.7660.14, p,0.0001) was significantly higher than in control cells (160.16). Similarly, the mean 6 SD relative expression of MAP2K4 mRNA in N expressing cells (0.760.07, p,0.05) was significantly lower than in control cells (160.1).
Protein network
To determine possible functional cross-talk among differentially expressed target proteins, we built a protein network with String software (Fig. 6 ). Of the 25 unique identified proteins, 15 showed connectivity with at least one other protein in the map. Proteins involved in redox maintenance clustered together (PARK7, PRDX2, PRDX3, PHB, GSTP1). Cross talk was seen between apoptotic proteins and antioxidants (for instance PARK7 a redox sensing and antioxidant protein interacts with the anti-apoptotic protein BCL2). Some other predicted functional partners include Deoxyhypusine hydroxylase (DOHH), Receptor tyrosine-protein kinase erbB-3 precursor (ERBB3), Mitogen-activated protein kinase kinase kinase 1 (MAP3K1), LIM domain kinase 1 (LIMK1), Deoxyhypusine synthase (DHPS), Triosephosphate isomerase (TPI1), RAF proto-oncogene serine/threonine-protein kinase (RAF1), Phosphoglycerate kinase 1 (PGK1), Mitogen-activated protein kinase 8 (MAPK8), Killer cell immunoglobulin-like receptor 3DL2 precursor (KIR2DL1), etc. 8 out of 10 remaining proteins did not show interaction with any other cellular protein.
Discussion
Apoptosis or programmed cell death involves a series of biochemical events that lead to a variety of morphological changes, including blebbing, changes to the cell membrane such as loss of membrane asymmetry and attachment, cell shrinkage, nuclear fragmentation, chromatin condensation, and chromosomal DNA fragmentation [21] . Defective apoptosis is the major causative factor in the development and progression of cancer. Therefore, a great importance is given to agents known to induce apoptosis in cancer cells.
In the present study, we investigated the pro apoptotic effects of N in human breast cancer cells. Various morphological changes characteristic of apoptosis, such as cell rounding, detachment, shrinkage and nuclear condensation were observed in cells expressing N. The most convenient system for the analysis of apoptosis is visualization of hypodiploid nuclei after PI staining and flow cytometry. Cells with hypodiploid content of nuclear DNA did appear following N expression. DNA fragmentation was also detected by comet assay which is a highly sensitive method for assessing DNA damage at the individual cell level [22] . Our in vitro results demonstrate that N induces apoptosis in ROS dependent manner and involves activation of caspase-3.
Nucleoprotein is the most abundant of the measles virus proteins expressed during infection and carried along with the virion. It gets exposed to the intracellular proteins during virus proliferation and is likely to interact with many of them to exert regulatory or direct functional influences in order to maximize progression of the virus. It mediates the immune response, induces immunological abnormalities and influences pathogenicity during the virus life cycle. To further investigate the possible actions of N during viral infection, we performed 2DE to study the proteome changes that occurred in MCF7 cells following N expression. Our 2DE results present a prima facie evidence that the MV nucleoprotein indeed interacts with or cause differential expression of a wide range of cellular factors that are (a) located on cell surface e.g., DAGLB, HLA-C and RHBDL2, (b) secreted extracellularly e.g., LYZ, (c) remaining in cytoplasm e.g., GST, GAPDH, Hsp70, MAP kinases, PARK7, PRDXs, PEBP1, PHGDH, and SERPINB6, (d) forming cytoskeletal elements e.g., FGD4, CFL1, MYOIIIB, (e) associated with mitochondria e.g., PHB or (f) nuclear e.g., NME1, PCBP1, SMARCA1, and PA2G4. Since we have shown that N induces apoptosis through generation of ROS, we found the change in expression level of many proteins involved in ROS management and apoptosis These included Cofilin, eIF5A, GST, GAPDH, PRDXs, Hsp70, PARK7, PHB and PA2G4. Cofilin (q) which is an intracellular actin-modulating protein involved in vesicular trafficking, is involved in oxidant-induced apoptosis [23, 24] . It is also known that interaction of measles virus glycoprotein complex with T cells results in reduced phosphorylation levels of cofilin [25] . Since we notice an augmented expression of cofilin in cells expressing N, it will be interesting to see if the N-induced effects on cofilin are also associated with altered phosphorylation of the protein and if effects of N and glycoprotein complex are in reciprocal directions. Recent studies indicate that eIF5A (q) may also play a role in cell death [26, 27] . GSTs (q) are a superfamily of enzymes that mainly catalyze the conjugation of glutathione to a wide range of exogenous and endogenous electrophilic substrates, including chemical carcinogens, therapeutic drugs and oxidative stress products.
GAPDH (q), in addition to its long established metabolic function, has recently been implicated in several non-metabolic processes, including transcription activation [28] , initiation of apoptosis [29, 30] , and reversible metabolic switch under oxidative stress [31] . PRDXs (q, Q) control the constitutive levels of H 2 O 2 in the cell and protect against ROS-induced damage by catalyzing the reduction of the H 2 O 2 into water. While gain in glyceraldehyde phosphate dehydrogenase and peroxiredase in cells can Figure 4 . Typical 2D gel analysis of N transfected cells compared with control cells. Cells were transfected with either pCA or pCA-N and 24 h post transfection total cellular protein was extracted. Protein extracts were subjected to separation by 2DE prior to staining and visualization as described under methods. (a) Representative 2D gels of control and treated samples. Encircled proteins were consistently seen to vary in intensity in multiple experiments. Those correlate with enhanced metabolic rate, an apparent loss of redox management enzymes can result in apoptosis. The Hsp70 (Q) is an important part of the cell's machinery for protein folding, and helps to protect cells from stress. It is expressed in most of the cancer cells [32] and inhibits apoptosis [33] . PARK7 (q) may function as a redox-sensitive chaperone and as a sensor for oxidative stress. It promotes cell survival by protecting cells from oxidative stress [34, 35] . Since it is also associated with Parkinson's disease, it will be important to see if there is any mechanistic relationship between neuronal disorders caused by persistent infection with measles virus and its apparent correlation with PARK7 over-expression. PHB (Q) acts as a chaperone for respiration chain proteins. It represses the activity of E2F1 transcription factor [36, 37] which has the ability to induce apoptosis [38] . Down regulation of anti-proliferative factors like PHB and gain in proliferation associated factor PA2G4 may be part of cellular countercurrents of signaling in the situation of stress caused by virus infection. Down regulation of the secretary lysozyme C may be a strategy to prevent stimulation of virus infected cells by cells wall constituents like LPS of bacteria released following muramidase action. Possible interactions of MAP kinases (Q) with measles virus replication machinery remain to be investigated. Similarly the role of global transcription factors such as SMARCA1 (Q), likely to be modulating chromatin organization, is not well understood. Down regulation of the serine protease inhibitors (SERPINB6) would favor endoprotease-mediated processing of viral proteins. A genetically engineered serpin was shown to inhibit the production of infectious MV due to non-maturation of precursor of MV-F via proteolytic cleavage [39] . DAGLB catalyzes a key step in arachidonate pathway and its down regulation in the presence of N is likely to have a bearing on the organization and integrity of the cell wall.
To summarize our results, we may conclude that N induces the death of mammalian cells which involves increase in ROS generation and procaspase-3 activation. Using proteomic analysis after N expression, we identified 10 up/down-regulated proteins involved in ROS and apoptosis. By reengineering N protein, we can use it as a targeted therapeutic against cancer cells. It might be possible to use gene delivery vehicles to specifically target N towards diseased cells. For instance, modified adenovirus vectors capable of entering cells via specific receptors other then coxsackie adenovirus receptor could be used for delivering N gene to cancer cells [40, 41] . We also observed proteome changes related to varied cellular functions. It must be underlined that the present study used expression of nucleoprotein in isolation from other viral proteins and the associated changes may be at variance from the scenario of real infection process. The list of proteins showing differential expression is by no means a comprehensive one and further studies on the subject would be required to establish a resolved picture of proteomic alterations and their possible functional relevance.
Materials and Methods
Cell Culture and Transient Transfections
MCF7 and 293T cells obtained from NCCS, Pune were cultured in DMEM (Sigma) supplemented with 10% FBS (GIBCO), 1% penicillin/streptomycin (Sigma), in 5% CO 2 in a humidified atmosphere. Plasmid DNA transfections were carried out in 12-well plates (Tarson, India) using LipofectamineTM 2000 Transfection Reagent (Invitrogen) as per manufacturer's instructions. Briefly, day before transfection, 4610 5 MCF-7 cells were plated in 1 ml of medium/well. For each well, 2 ml of LipofectamineTM 2000 Transfection Reagent (Invitrogen) was mixed with 1 mg of the plasmid DNA of interest in serum-free Opti-MEM (Invitrogen) to allow the formation of DNA-LipofectamineTM 2000 Transfection Reagent complexes. The complexes were added to the respective wells and mixed by gently rocking the plate back and forth. Cells were incubated in a 5% CO 2 incubator at 37uC for 24 h before analysis. For N and P expression, pCA-N and pCA-P were used (kind gift from Prof. Martin Billeter). Mock Score and sequence coverage were generated by MASCOT software. All identifications were confirmed using MASCOT MS/MS ion search and/or peptide-fingerprinting and significant matches (p,0.05) were retained. doi:10.1371/journal.pone.0018765.t002
transfections carried out using empty pCA plasmid were taken as control. Efficiency of transfection was assayed in parallel experiments employing GFP as a reporter.
Western Blotting
Proteins resolved on SDS-PAGE gels were transferred onto a polyvinylidene difluoride membrane (Milipore) by electroblotting. Primary and secondary antibody binding was done according to standard protocols. The primary antibody was a mouse immunoglobulin G recognizing nucleoprotein (kind gift from Prof. Martin Billeter). The secondary antibody was an anti-mouse immunoglobulin G whole antibody conjugated to horseradish peroxidase (Santa Cruz). Antibody binding was detected with the enhanced ChemiLuminesence system (ECL; Amersham Biosciences), and the results were recorded on Kodak XAR photographic film.
RT-PCR
The expression of PHB and PARK7 was detected by RT-PCR. 24 h post transfection, total RNA was extracted from MCF7 cells using TRI Reagent (Applied Biosystems, Ambion). cDNA synthesis was carried out by Maxime RT-PCR premix kit (iNtRON Biotechnology). For PCR, 5 ml of the cDNA sample was added to a 45 ml PCR mixture. PCR conditions were as follows: 94uC for 30 sec, 60uC for 30 sec, and 72uC for 30 sec. After 30 cycles, equal volumes of the resulting PCR reactions were analyzed by electrophoresis on a 2% agarose gel. The integrated optical density (IOD) was determined for each PCR product using ImageJ software (http://rsbweb.nih.gov/ij/). Beta actin was used as an internal control. The oligonucleotides used are described in Table 3 .
Real-time RT-PCR
GAPDH and MAP2K4 differential expression was confirmed by SYBR Green-based real-time RT-PCR. RNA (1 mg) was reversed transcribed to cDNA and subjected to real time PCR performed using the Applied Biosystems 7500 Fast Real-Time PCR System. The cycling conditions were 95uC for 15 s, 60uC for 1 min, for 40 cycles, followed by a melting point determination or dissociation curves. Melting curve was performed to verify the presence of a single amplicon. Non template control (NTC) was used as a negative control. The expression level of each gene is indicated by the number of cycles needed for the cDNA amplification to reach a threshold and the results are normalized to beta-actin. The oligonucleotides used are described in Table 3 .
Detection of Reactive Oxygen Species
Reactive oxygen species were detected using the probe 29, 79-Dichlorofluorescein diacetate (H2DCF-DA; Sigma) which is a nonfluorescent cell-permeable compound. Within the cell, esterases cleave the acetate groups on DCFH-diacetate, thus trapping the reduced probe (DCFH) intracellularly. ROS in the cells oxidize DCFH, yielding the fluorescent product 29, 79-dichlorofluorescein DCF. The fluorescent signal detected (excitation, 485 nm; emission, 530 nm) is proportional to ROS production. Cells (1.06106) harvested 24 h post transfection were incubated for 1 h at 37uC with 10 mmol L 21 of DCF-DA, and relative ROS units were determined using a fluorescence ELISA reader. An aliquot of the cell suspension was lysed, the protein concentration was determined, and the results were expressed as arbitrary emission units per mg protein. In the experiments of inhibition of ROS by antioxidant AA, cells were pre-treated with 100 mM AA for 24 h prior to transfection.
Determination of apoptosis (by FACS)
MCF7 cells were washed twice with cold-phosphate buffered saline (PBS), fixed in cold 80% ethanol for 30 min, stained with PI (25 mg ml with hypodiploid DNA content was considered as the apoptotic cell population.
Caspase Activation Assay
Caspase-3 activation assay was performed using CaspGLOW Fluorescein Caspase Staining Kit (Biovision) as per the manufacturer's instructions. 24 h post transfection 1.0610 6 cells were treated with FITC-VAD-FMK for 1 h at 37uC in an incubator with 5% CO 2 . After washing twice with the wash buffer, cells were resuspended in 100 ml wash buffer, transferred in a microtiter plate and fluorescence intensity was measured at excitation 485 nm and emission 530 nm. In the experiments of inhibition of caspase activation, the caspase family inhibitor Z-VAD-FMK was added at 1 ml ml 21 to the induced culture.
Hoechst 33258 nuclear staining assay
To study the nuclear morphology, nuclear staining with Hoechst 33258 (Sigma) was performed as described elsewhere [42] . Briefly, 24 h post treatment the floating and trypsinizedadherent populations of cells were fixed with 4% paraformaldehyde in PBS, washed, incubated with 0.125 mg ml 21 of Hoechst 33258 at room temperature for 30 min and finally smeared onto microscope slides. Nuclear morphology was then examined under a fluorescent microscope (Meiji Techno TC5000).
Comet assay
DNA damage was assessed using the alkaline single-cell gel electrophoresis assay (comet assay). The protocol used for comet assay followed the guidelines purposed by Tice [43] . N-transfected and control cells (,1610 4 cells in 20 ml) were added to 60 ml of 0.5% low melting point agarose at 37uC, layered onto a slide precoated with 1.5% regular agarose, and covered with a coverslip. After brief agarose solidification in refrigerator, slides were immersed in lysis solution for about 1 h. Prior to electrophoresis, the slides were left in alkaline buffer for 20 min and electrophoresed for another 20 min, at 25 V and 300 mA. After electrophoresis, the slides were neutralized in 0.4 M Tris-HCl (pH 7.5) for 15 min, stained with ethidium bromide, fixed in absolute ethanol and analyzed. Cells with damaged DNA displayed high migration of DNA fragments from the nucleus, forming a tail in comet form. DNA migration was analyzed by fluorescence microscopy (Meiji Techno TC5000). The tail moment (tm) was determined using the software ''Comet assay IV'' (Perceptive Instruments Ltd.). The tm considers the length of the tail as well as the intensity of the fluorescence staining of the tail, compared to the staining of the comet core. From each sample, 50 randomly selected cells (25 cells from each of two duplicate slides) were analyzed.
2-Dimensional gel electrophoresis
Cell pellet was washed with PBS, and cells were lysed in 8 M urea, 4% CHAPS, 100 mM DTT, 1 mM PMSF, 1% protease inhibitor cocktail and 2% pharmalyte ((GE Healthcare)). A 13 cm IPG strip of pH 3-10 nonlinear (GE Healthcare) was used for first dimension electrophoresis and 250 mg of protein extract was loaded on the strip. Rehydration was followed by electrophoresis at 500 V for 2 h, 1000 V for 1 h, and 8000 V for 3 h. After equilibration the strips were separated on 12% SDS gel for 3 h at 150 volts. Silver-stained gels were scanned using an UMAX PowerLook 2100XL Image Scanner (GE Healthcare). Image spots were detected, matched, and manually edited with the Image Master-2D Platinum 6.0 software (GE Healthcare). Three independent 2D gels per treatment were imaged, analyzed and compared. Quantification was given as a spot volume percentage (vol %), with each single spot volume normalized with respect to the total spot volume of the 2-DE gel. The differences in spot volume was used as a measure of changes in protein expression levels between the treated and control groups and spots with significantly different intensities (p,0.05) were selected for further analyses.
Mass spectrometry and database search
Protein spots showing more than 5-fold increase or decrease in spot intensity were excised, destained, and digested as described previously [44] . The digested proteins were extracted and purified with reversed-phased C18 ZipTips (Millipore ZTC18S096). Matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS) with a Bruker AutoflexII TOF/TOF mass spectrometer (Bruker Daltonics) was carried out as described by Wang et al. The peptide mass data were searched against NCBInr database with the Mascot search engine (Matrix Science Ltd., UK, http://www.matrixscience.com/) and with Homo sapiens as the species searched. The following settings were used for the identification: two missed cleavage sites were allowed, cysteine was carbamidomethylated and methionine was allowed to be partially oxidized.
Protein networks and classification
To construct a protein interaction map, we used the STRING 8.2 software (http://string-db.org/) which predicts protein-protein interactions, including both physical and functional interactions [45] . It weights and integrates information from numerous sources, including experimental repositories, computational prediction methods and public text collections. Differentially expressed proteins were classified according to their main biological processes as well as their molecular functions using Swiss-Prot (http://www.uniprot.org/).
Statistical analysis
All data were derived from at least three independent experiments. Statistical analyses were conducted using Graphpad Prism software and values were presented as mean 6 SD. Significant differences between the groups were determined by Student's t tes. Data in fig. 2 and 3 was analysed by ANOVA followed by tukey's multiple comparison test (GraphPad Prism5). A value of p,0.05 was accepted as an indication of statistical significance.
